Abstract. Exosomes are extracellular vesicles released by both normal and tumour cells which are involved in a new intercellular communication pathway by delivering cargo (e.g., proteins, microRNAs, mRNAs) to recipient cells.
Introduction
Exosomes are small RNA and protein containing extracellular vesicles that are able to mediate hetero-and homotypic intercellular communication (1) . These natural nanovectors are formed through inward budding of endosomal membranes, giving rise to intracellular multivesicular bodies that integrate into the plasma membrane, and are eventually released (2) . Different cell types have been shown to produce exosomes of biologic significance into the extracellular space and the biologic fluids, including B cells, dendritric cells, T cells, platelets, stem cells, and cancer cells (3) (4) (5) (6) (7) (8) . We have recently demonstrated a role of exosomes as mediators of platelet lysate activity in bone regeneration through the ability to influence osteogenic differentiation and promote cell proliferation and the migration of mesenchymal stromal cell (9) . In cancer, exosomes can facilitate tumour progression by supplying the tumour niche with molecules that favour the progression of oncogenic processes, such as proliferation, invasion and metastasis, modulation of immune response, and drug resistance (10) (11) (12) . Recently, Corcoran et al (13) have demonstrated the ability of prostate cancer cells to transfer multidrug resistance (MDR) phenotype via microvesicles/exosomes, suggesting that, in the context of tumour microenvironment, the development of the MDR phenotype can be mediated, at least in part, by the transfer of P-glycoprotein (P-gp) and microRNAs by exosomes (13, 14) . Similar results have been obtained in breast cancer, where the transfer of P-gp and miRNAs by exosomes modulates cell cycle distribution and drug-induced apoptosis (15, 16) .
Osteosarcoma (OS) is the most common primary bone cancer in children and adolescents. Despite aggressive treatment regimens, the outcome is unsatisfactory, particularly in patients with metastatic and/or recurrent disease (17) . Treatment failure is commonly due to the development of chemoresistance (18) , which appears to be mediated by a variety of mechanisms (19) .
Multimodal transfer of MDR by exosomes in human osteosarcoma
In this study we investigated the potential role of exosomes to transfer a drug resistance phenotype in human OS cells. For this purpose we purified and characterized exosomes from an MDR OS cell line (20) and we showed, for the first time, that exosomes transfer functional MDR-1 mRNA and its product P-glycoprotein to drug-sensitive cells in vitro. This intercellular transfer provides an additional pathway for the cellular acquisition and dissemination of drug-resistant traits indicating exosomes as important mediators in the spread of MDR in human osteosarcoma.
Materials and methods

Drug.
A stock solution of doxorubicin (DXR) (Sigma-Aldrich, Milan, Italy) was prepared in dimethylsulfoxide (5 mg/ml) and stored at -20˚C. Appropriate concentrations of DXR solution were freshly diluted before each experiment.
Cell culture. The human OS cell line MG-63 was obtained from the American Type Culture Collection and validated in May 2014 by short-tandem repeat profiling of extracted genomic DNA generated by ATCC-LGC standards. MDR cell line MG-63DXR30 was established from the parental MG-63 (20) . Cells were grown in Iscove's modified Dulbecco's medium (IMDM) (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), supplemented with 10% heat inactivated fetal bovine serum (FBS) (Sigma-Aldrich), 100 U/ml penicillin, and 0.1 mg/ml streptomycin (Lonza, Milan, Italy). Drug-resistant variant MG-63DXR30, was continuously cultured in the presence of the selective drug concentration (30 ng/ml doxorubicin). All cell lines were maintained at 37˚C in a humidified 5% CO 2 atmosphere.
Co-culture assays. The effect of MG-63DXR30 secretome on MG-63 viability was evaluated by the Boyden chamber assay with 0.4-µm pore membrane filters (Costar, Corning Inc., NY, USA). MG-63 or MG-63DXR30 cells were seeded (5x10 3 cells/well) into the upper chamber, and MG-63 cells were applied at equal proportion to the lower chamber. Twenty-four hours after seeding, 10 ng/ml of doxorubicin was added to the lower chamber. After 72 h, cell viability was assessed using the Alamar Blue assay (Invitrogen, Thermo Fisher Scientific). The fluorescence was read at 535-590 nm using a microplate-reader (Tecan Infinite F200pro, Tecan, Milan, Italy). The results were expressed as relative fluorescence units (RFU).
Exosome isolation and purification. MG-63 and MG-63DXR30 cells were cultured until 70% confluence. Cells were washed with phosphate-buffered saline (PBS) and incubated for two consecutive periods with IMDM supplemented with 10% FBS depleted of exosomes (FDE) obtained via ultracentrifugation (9) . Following collection of the supernatant, the exosomes were concentrated by differential centrifugation: 500 x g for 10 min (two times), 2,000 x g for 15 min (two times), and 10,000 x g for 30 min (two times) at 4˚C to remove floating cells and cellular debris. The supernatant was then ultracentrifuged at 110,000 x g for 1 h at 4˚C. The exosome pellet was resuspended in PBS and centrifuged at 110,000 x g for 1 h at 4˚C (Beckman Coulter, Milan, Italy). The exosome pellet was re-suspended in PBS and stored at -80˚C until use. Exosome quantity was determined by the Bradford method (Bio-Rad, Milan, Italy). The exosomes extracted from the supernatant of MG-63 and from the medium of MG-63DXR30 were named Exo/S and Exo/DXR, respectively.
Electron microscopy. Exosomes were resuspended in 2% paraformaldehyde (PFA) and loaded onto formvar/carboncoated grids. Next, exosomes were fixed in 1% glutaraldehyde, washed, and counterstained with a solution of uranyloxalate, pH 7.0, embedded in a mixture of 4% uranylacetate and 2% methylcellulose before observation with a Zeiss-EM 109 electron microscope (Zeiss, Jena, Germany).
Western blot analysis. Exosomes and cell pellets were treated with RIPA lysis buffer (1% Triton X-100, 10% Na-deoxycholate, 5 M NaCl, 1 M Tris-HCl pH 7.4, 0.5 M EGTA pH 8.0, 1 M NaF) and protease inhibitor cocktail (Roche, Milan, Italy) for 20 min at 4˚C. Nuclei and cell debris were removed by centrifugation. The protein concentration was determined using the Bradford assay (Bio-Rad). The total cellular proteins and exosomal proteins were resolved by 10% SDS-polyacrylamide gel and transferred to a nitrocellulose membrane (Thermo Fisher Scientific). The membrane was blocked with 5% bovine serum albumin (BSA) (Sigma-Aldrich) in T-TBS (0.1 M Tris-HCl pH 8.0, 1.5 M NaCl and 1% Tween-20) for 1 h at room temperature. Subsequently, the membranes were incubated with rabbit polyclonal CD63 (sc-15363) (1:500), mouse polyclonal calnexin (sc-23954) (1:500) and mouse polyclonal MDR-1/P-gp (sc-55510) (1:200) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) antibodies overnight at 4˚C. After vigorous washing in T-TBS, the membranes were incubated with the secondary antibody for 1 h at room temperature. Antirabbit antibody (NA934VS) (1:1,000) for CD63, anti-mouse antibody (NA931VS) (1:2,000) for calnexin and MDR-1/P-gp (GE Healthcare, Milan, Italy), all conjugated to horseradish peroxidase were diluted in T-TBS containing 5% BSA and used as secondary antibodies. Immunocomplexes were detected with the ECL western blot analysis system (Amersham Pharmacia Biotech, Piscataway, NJ, USA). Reversible Ponceau S (SigmaAldrich) staining was used to assess equal gel loading.
Exosome labelling and uptake. Exosomes were labelled using the PKH26 Red Fluorescent Cell Linker kit (SigmaAldrich) according to the manufacturer's instructions with minor modifications (9) . Two microgram (2 µg) of the PKH26 labelled exosomes, or the same volume of the PKH26-PBS control, were resuspended in IMDM supplemented with 10% FDE and added to 9x10 3 MG-63 cells maintained at 37˚C in a humidified atmosphere with 5% CO 2 . All samples were ultracentrifuged at 110,000 x g for 1 h at 4˚C before being added to the cells. After 4 and 24 h of incubation, uptake was stopped by washing and fixation in 3.7% PFA for 10 min. Cells were then stained with a fluorescein isothiocyanate (FITC)-conjugated phalloidin (Sigma-Aldrich) and visualised with a Nikon Eclipse E800M fluorescence microscope (Nikon, Tokyo, Japan). All cells per high power-field were counted, and the percentage of PKH26 positively stained cells was determined. Five representative high power-fields per sample were evaluated.
Cell viability. Cell viability was evaluated by the acid phosphatase assay (Sigma-Aldrich) as previously described (21) . MG-63 cells were seeded in 96-well, flat-bottomed tissue culture plates at a density of 2x10 3 cells/well. After 24 h, cells were treated with 1.5 µg of Exo/S or Exo/DXR or PBS (control), in the presence of IMDM + 10% FDE. Four hours after exosome addition, cells were treated with increasing concentrations of doxorubicin (1-60 ng/ml) for 72 h. Briefly, the cells were washed and incubated at 37˚C with 100 µl of buffer containing 0.1 M sodium acetate pH 5.0, 0.1% Triton X-100, and 5 mM p-nitrophenil phosphate. After 2 h, the reaction was stopped with the addition of 10 µl of 1 N NaOH, and colour development was assayed at 405 nm using a microplate reader (Tecan Infinite F200pro). Data are reported as cell survival in respect to untreated cells (set=100%). All experiments were performed three times in triplicate.
Wound-healing assay. Confluent MG-63 and MG-63DXR30 cell monolayers were scratched with a sterile 100-µl pipette tip and incubated with or without Exo/S or Exo/DXR. Cell migration was monitored for 24 h under a Nikon Eclipse-TE 2000-S microscope (Nikon). The widths of the 'wound' (scratched areas) were measured by the NIS-Elements Image Software BR 4.00.00 (Nikon) and the proportion of wound healing was calculated by the following formula: 100% -(width after 24 h/width at the beginning) x 100%.
Quantitative real-time polymerase chain reaction (qRT-PCR).
Cells were seeded in 12-well plates (1.5x10 4 cells/well). The following day, cells were treated with 7.5 µg of Exo/S or Exo/DXR or PBS (control) for 72 h. Total RNA from cells and exosomes (n=3) was extracted using TRIzol ® reagent (Invitrogen, Life Technologies, Monza, Italy) (9) . To confirm that the RNA was confined to exosomes, Exo/S and Exo/DXR were treated with 0.4 µg/µl RNase A (Sigma-Aldrich) for 1 h at 37˚C. Total mRNA was reverse transcribed using the MULV Reverse Transcriptase kit (Applied Biosystems, Thermo Fisher Scientific). The expression of MDR-1 (AF016535.1) was evaluated by quantitative real-time polymerase chain reaction (qRT-PCR) using the LightCycler instrumentation and the Universal Probe Library system (Roche Applied Science, Monza, Italy). Probes and primers were selected by a webbased assay design software (Probe Finder https://www. roche-applied-science.com): MDR-1-f 5'-GCCATCAGTCCT GTTCTTGG-3'; MDR-1-r 5'-GCTTTTGCATACGCTA AGAG TTC-3'. The results were expressed as the ratio between gene of interest and reference gene (GAPDH: NM_002046.3; GAPDH-f 5'-AGCCACATCGCTCAGACAC-3'; GAPDH-r 5'-GCCCAATACGACCAAATCC-3') according to the 2-∆∆CT method (22) .
Immunofluorescence assay. MG-63 cells (5x10 3 cells/cm 2 ) were seeded in IMDM + 10% FDE. After 24 h, cells were treated with 5 µg of Exo/S or Exo/DXR or PBS (negative control) for 72 h, and processed as previously described (23) . At termination, cells were fixed in 3.7% PFA for 10 min, permeabilized in 0.1% Triton X-100/PBS for 4 min, and blocked using 1% BSA/ PBS for 30 min. Cells were stained with an anti-MDR-1 antibody (sc-55510) (Santa Cruz Biotechnology) at 1:50 diluted in PBS containing 0.1% BSA at 22˚C for 10-12 h, followed by incubation with Alexa Fluor 568-conjugated goat anti-mouse secondary antibody (A11004) (Invitrogen) at 1:1,000 dilution in PBS containing 1% BSA at 22˚C for 30 min. MG-63DXR30 cells were used as a positive control. Images were acquired with a Nikon Eclipse E800M fluorescence microscope (Nikon). Ten non-overlapping fields/image were taken (three images/sample were collected) and analysed using NIS-Elements Image software BR4.00.00 (Nikon). Changes of fluorescence intensity were calculated dividing the red fluorescent intensity by the number of cells on each field.
Statistical analysis. Statistical analysis was performed by StatView™ 5.0.1 software (SAS Institute, Cary, NC, USA). Quantitative results were expressed as mean ± the standard deviation. The Wilcoxon signed rank test was used to evaluate the effects of exosomes treatment on MDR-1/P-gp expression by real-time PCR and immunofluorescence, and to assess MG-63DXR30 effects on MG-63 viability by co-culture assays. The Mann-Whitney U test was applied to evaluate the quantity of exosome release and to analyze the effects of exosomes on cell viability and migration. Experiments were performed in triplicate. p<0.05 was considered statistically significant.
Results
MG-63DXR30 cells transmit doxorubicin resistance to MG-63 cells.
MG-63 were co-cultured with MG-63DXR30 in a 1:1 ratio, for 72 h, in the presence of doxorubicin. As shown in Fig. 1 , after drug exposure, survival of MG-63 cells was significantly increased (p= 0.0039). These results suggested that MG-63DXR30 transmit chemoresistance to recipient cells, and such effect could be ascribed to exosomes.
Identification and characterization of exosomes.
To investigate exosome correlation with resistance transmission, we collected exosomes from supernatant of MG-63 and MG-63DXR30 OS cell lines through a series of centrifugation and ultracentrifugation steps. Transmission electron microscopy analysis showed that the nanovesicles isolated from OS cells were morphologically homogeneous, ranging from 30 to 100 nm in size, with a typical round or cup shape appearance ( Fig. 2A) . Exosome purity was assessed by western blot analysis. As shown in Fig. 2B , they expressed exosome-related protein CD63 and, as expected, were negative for the endoplasmic reticulum protein calnexin (15) . Ponceau S staining served as loading control (data not shown). Similar amounts of exosomes were secreted by MG-63 and MG-63DXR30 cells (Fig. 2C) .
Uptake of exosomes.
To examine whether exosomes from MG-63DXR30 (Exo/DXR) and MG-63 (Exo/S) could be taken up in MG-63 cells, PKH26 labeled exosomes were incubated with MG-63 cells at two different time points and examined using fluorescence microscopy. After 4 h, a few exosomes were already taken up by MG-63 (data not shown). As shown in Fig. 3 , after incubation, MG-63 cells were able to take up similar amount of Exo/DXR (97.7±1.1%) and Exo/S (97±1.4%). In particular, PKH26 signal was detected in the perinuclear region, suggesting the adsorption and internalization of exosomes. No fluorescent signal was detected in the control (PBS).
Exo/DXR decrease the sensitivity of MG-63 cells to doxorubicin.
Cell viability was examined in exosome-treated MG-63 in the presence of increasing concentrations of doxorubicin (1-60 ng/ml) for 72 h. As expected, doxorubicin affected MG-63 viability in a dose-dependent way. Incubation of MG-63 cells with 1.5 µg of Exo/DXR decreased the sensitivity of cells to doxorubicin in all concentration tested. In particular, cells cultured at 10 ng/ml of doxorubicin and exposed to Exo/DXR showed a significant increase (p=0.0095) in viability compared to cells incubated with doxorubicin alone (Fig. 4) . On the contrary, MG-63 viability was not modified when cells where treated with Exo/S (Fig. 4) .
Exo/DXR decrease MG-63 cell motility. The effects of Exo/ DXR on MG-63 motility were evaluated by the woundhealing assay. After 24 h the migration of MG-63DXR30 was significantly lower than that of parental MG-63 cells (p=0.02). MG-63 treated with Exo/DXR exhibited a significant decrease of wound closure compared to MG-63 and MG-63 incubated with Exo/S (p=0.02), whereas no difference was detected between Exo/DXR treated cells and MG-63DXR30 (Fig. 5A  and B) .
Exo/DXR expressed MDR-1 mRNA and P-gp. To verify the presence of MDR-1 in exosome samples, we extracted total RNA from Exo/DXR, Exo/S and their cells of origin. The expression of MDR-1 was evaluated by qRT-PCR. Results demonstrated that Exo/DXR expressed higher levels of MDR-1 mRNA compared to Exo/S (p=0.03) (Fig. 6A) . The western blot analysis was consistent with the results from qRT-PCR. Exo/DXR and their donor cells, but not MG-63 and Exo/S, showed high levels of P-gp expression by western blot analysis (Fig. 6B) . Ponceau S staining served as loading control (data not shown).
Exo/DXR transfer MDR-1 mRNA and P-gp to recipient cells.
The ability of Exo/DXR to transfer MDR-1 mRNA and P-gp was assessed by qRT-PCR and immunofluorescence analysis. Incubation of MG-63 cells with Exo/DXR induced a significant increase of MDR-1 mRNA levels compared to untreated cells (p=0.02). On the contrary, no substantial change in MDR-1 expression was observed when MG-63 cells were treated with Exo/S (Fig. 7A) . As expected, MG-63DXR30 expressed significantly higher levels of MDR-1 mRNA compared to MG-63 cells (p=0.0006) (Fig. 7A) . Immunofluorescence analysis confirmed a significant increase of P-gp expression in MG-63 treated with Exo/DXR (p=0.009) (Fig. 7B and C) . Interestingly, MG-63 treated with Exo/DXR and MG-63DXR30 cells expressed similar levels of P-gp. The treatment with Exo/S did not affect P-gp protein levels ( Fig. 7B and C) . 
Discussion
OS is the most common primary malignant bone tumour in children and adolescents (17) . Although neoadjuvant chemotherapy and improved surgical techniques have increased the survival rate of OS ≤65-75%, this is still unsuccessful in 30-40% of patients with localised tumours and in 80-85% of patients with metastatic disease at presentation (24, 25) . MDR, both intrinsic and acquired, is still a major concern regarding the clinical management of OS patients and a key issue in the failure of current treatment (19) . The MDR phenotype can be mediated by several mechanisms, including increased energydependent efflux of chemotherapeutic drugs (26) . The principal transmembrane transporter responsible for this mechanism is P-glycoprotein (P-gp), a member of the ATP-binding cassette protein superfamily, encoded by the MDR-1 gene, which lowers intracellular drug concentrations to sub-lethal levels (27, 28) . Although P-gp is involved in resistance or poor response to chemotherapy (29) , other undefined cellular factors also seem to participate in modulating drug cytotoxicity. A growing body of evidence has demonstrated that several features of host microenvironment play also a role, including extracellular pH, temperature, oxygen supply, and extracellular matrix (30) (31) (32) . Moreover, the intercellular transfer of MDR represents an additional mechanism for the cellular acquisition and spreading of drug-resistant traits (33) . Acquired MDR was recently found to be mediated by exosomes released by drug resistant cells (34) . Such phenomenon was observed in several tumour models, including ovarian cancer (35) , prostate cancer (14) , breast cancer (15) , and melanoma (36) . In this study, we reported that MDR phenotype can also be induced in human OS via exosomes derived from MDR cells. MG-63DXR30 derived-exosomes are able to decrease MG-63 sensitivity to doxorubicin as well as to transfer phenotypic characteristics representative of their cell line of origin to recipient cells, including cell motility.
In agreement with previous studies (13, 15) , we demonstrated that P-gp is contained in MG-63DXR30 derived-exosomes and that MDR can be transferred to sensitive cells by the delivery of P-gp in recipient cells through exosomes.
Moreover, exosomes are known to affect target cells by transferring mRNAs and microRNAs (37) . The presence of mRNA and microRNA, termed 'exosomal shuttle RNA', in exosomes suggests that genetic material exchange could be an additional level of exosome-mediated intercellular communication (38) . In particular, recent studies have described how the transfer of specific miRNA via exosomes potentially contributes to drug resistance in prostate cancer and breast cancer (14, 16) .
In this study, we demonstrated, for the first time, that MDR-1 mRNA is highly expressed within Exo/DXR, and is transferred to and accumulated in OS sensitive cells after exosome treatment. The presence of selective MDR-1 mRNA in Exo/DXR suggests the intriguing possibility that this mRNA could be an additional factor that participate in drug resistance acquisition of sensitive cells.
In conclusion, this study corroborates the evidence that exosomes from MDR cells are capable of transferring chemoresistance by horizontal transfer of RNAs, including the specific mRNA of P-gp.
